TJ structures only in the stratum granulosum (SG) of the esophageal epithelia in control rats, and the number of TJ structures seemed to be decreased in the RE model.
Introduction
Tight junctions (TJs) are intercellular junctions that are formed by various TJ transmembrane proteins such as claudin 1 -27 (Elkouby-Naor and Ben-Yosef, 2010; Mineta et al., 2011) , occluding (Furuse et al., 1993) , tricellulin (Mariano et al., 2011) , and junctional adhesion molecules (JAM) (Martìn-Padura et al., 1998) as well as intracellular scaffold proteins including ZO 1 -3 (Wittchen et al., 1999) and cingulin (Citi et al., 1988) . TJs play a central role in close cell-cell adhesion, allowing for an almost negligible intercellular distance and function Summary. Our previous studies on the protein expression of claudins -also known as tight junction (TJ)-associated adhesion molecules -in an experimental model of rat reflux esophagitis (RE) suggested that claudin-3 could be a key TJ barrier protein. However, the structure of TJs in the esophagus of normal rats and the structural changes that occur in association with RE have not been fully clarified. Therefore, extensive morphological analyses of the rat esophageal epithelium under normal conditions and in chronic RE were carried out using electron microscopy of ultra-thin sections and freeze-fracture replicas in addition to immunoelectron microscopy of claudin-3 using ultra-thin cryosections and SDS-digested freeze-fracture replicas. To obtain flat replicas of the esophageal mucosa, we applied the grid-mapped freeze-fracture technique. Electron microscopy of ultra-thin sections showed typical Ultrastructural analyses of the rat esophageal stratified epithelium under normal conditions and in chronic reflux esophagitis in freeze-fracture studies of the stratified epithelia, only discrete TJ strands rather than the expected large areas of these strands were observed (Caputo and Peluchetti, 1977; Elias et al., 1977; Morita et al., 1998) , leading several authors to call these structures maculae occludentes . Consequently, the existence of TJ structures and proteins in the squamous stratified epithelia of mammals has remained controversial for several decades (Hashimoto, 1971; Elias and Friend, 1975, 1976; Elias et al., 1977; Fleck et al., 1989; Elias, 1996) . Typical TJ structures (kissing points) in transmission electron microscopy were found in the stratum granulosum (SG) of the skin Furuse et al., 2002) . However, the morphological structure of the stratified epithelia remains unclear because electron microscopy observation reveals TJ-related structures which resemble the structure of TJs (Langbein et al., 2002) .
Moreover, TJs in the wet stratified epithelium, which is present in the esophagus, have only been examined in detail in the cornea . Our recent study directly demonstrated distinct distribution patterns of claudins-1, -3, and -4 in esophageal epithelial cells. Using double-label confocal immunofluorescence microscopy, we first confirmed that in the normal epithelium, claudins-1 and -4 were similarly distributed in the upper half of nucleated layers of the epithelium while claudin-3 was located mainly in the lower part of the epithelium, including the basal layer . Since there have been few electron microscopy studies describing the detailed morphological structure of TJs in the rat esophagus, it is still unclear whether or not claudin-1, -3, and -4 directly participate in forming TJs in the esophageal epithelium.
This study explores the relationship between the TJ morphological structure and claudin-3 protein in the rat esophageal epithelium under normal conditions. In RE, it examined the ultrastructure of the rat esophageal epithelium and compared morphological differences between sham and RE rats by conventional electron microsco p y and immu n o electro n micro sco py for claudin-3 using ultra-thin sections and freeze-fracture replicas.
Material and Methods

Animals
All procedures performed on laboratory animals were approved by the Institutional Animal Care and Use Committee of Juntendo University Graduate School of Medicine (Tokyo) and carried out in compliance with as paracellular barriers. Claudins have been identified as major cell-adhesion molecules of TJs in simple epithelial cells .
In simple epithelia, TJ structures are identified by transmission electron microscopy as sites where the intercellular space is obliterated and the outer leaflets of the membranes of the neighboring cells seem to be in direct contact ( kissing points ) (Farquhar and Palade, 1963) . The freeze-replica technique has also revealed that the TJ structure of simple epithelia consists of continuous networks of intramembranous fibrils joining the membranes of adjacent cells and sealing the lateral intercellular spaces from luminal surfaces (Staehelin, 1974) . Reductions of or breaks in TJ strands have been directly observed by freeze-fracture electron microscopy in ulcerative colitis (Schmitz et al., 1999 ) and Crohn's disease (Marin et al., 1983a, b; Zeissig et al., 2007) , respectively, suggesting the possible cause of barrier dysfunction in inflammatory bowel disease (IBD).
We have studied the protein expression of claudins using an experimental model of rat reflux esophagitis (RE). The family of claudins shows tissue-and speciesspecific expression Morita et al., 1999) . Tightening TJ proteins including claudin-1, -3, -4, -5, and -8 are represented by proteins that increase epithelial barrier properties (Markov et al., 2010) . We previously showed marked alterations in the expression patterns of TJ proteins in our RE model. In control rats, claudins-1, -3, and -4 were located on the surface of esophageal epithelial cells. In rats with RE, the expression of claudin-1 or -4 was not changed significantly whereas that of claudin-3 was substantially decreased (Asaoka et al., 2005; Oguro et al., 2011) . In addition, we previously showed that gastric acid-induced dissociation of claudin-3 was associated with instability of the epithelial TJ complex, as demonstrated by sedimentation analysis using centrifugation in a sucrose density gradient . Another study using the same RE model as that used in our study showed that decreased levels of claudin-3 may impair the TJ barrier function and could be related to dilatation of the intercellular space in the esophageal epithelium (Miwa et al., 2009) . The findings in the latter study support our hypothesis that intercellular permeability is increased in RE through claudin-3 dissociation from the TJ complex. These lines of evidence suggest that claudin-3 is a key TJ barrier protein and warrant further study of TJs in the rat esophageal epithelium.
The stratified epithelia including that of the epidermis, esophagus, cornea, oral cavity, anal canal, and vagina is characterized by multiple layers of less polarized cells that are distinct from simple epithelia. However, with uranyl acetate and lead citrate, and observed with a Hitachi H7100 or HT7700 electron microscope at the Laboratory of Ultrastructure Research of the BioMedical Research Center at Juntendo University Graduate School of Medicine.
Immunoelectron microscopy using ultrathin cryosections
Ultrathin cryosections were prepared as reported elsewhere (Koike et al., 2000; Mori et al., 2008) . Briefly, the st ripped esophageal mucosae pinned on flat cork were immediately immersed in 4% PA buffered with 0.1 M PB (pH 7.2) overnight at 4 . After being cut transversally into three 1-mm-wide slices the specimens were embedded in 12% gelatin containing 0.1 M PB (pH 7.2). Small blocks were rotated in 2.3 M sucrose in PB overnight at 4 and quickly plunged into liquid nitrogen. Sections approximately 70 nm thick were cut using a Leica UC6/FC6 or UC7/FC7 ultramicrotome and picked up with a 1:1 mixture of 2% methylcellulose and 2.3 M sucrose (Liou et al., 1996) . These sections were reacted overnight at 4 with rabbit anti-claudin-3 (Invitrogen; 1:20), then for 1 h at RT with goat anti-rabbit IgG conjugated with 10-nm colloidal gold particles (GE Healthcare), and finally examined with a Hitachi HT7700 electron microscope. For control experiments, ultrathin sections were reacted only with the gold-particleconjugated secondary antibody.
Grid-mapped freeze-fracture
The grid-mapped freeze-fracture technique was performed according to the method of Rash and Yasumura (Rash and Yasumura, 1999) with some modifications. Briefly, the stripped esophageal mucosae pinned on flat cork were immediately immersed in 2% GA and 2% PA (for conventional freeze-fracture) or 4% PA buffered with 0.1 M PB (pH 7.2) for SDS-digested freeze-fracture replica labeling (SDS-FRL) overnight at 4 . Samples were embedded in 3% agar (Wako Pure Chemical Industries) and cut into 40-or 100-m-thick slices using a vibratome (Linear Slicer; Dosaka, Kyoto). The tissue slices were infiltrated with 30% glycerol in 0.1 M PB (pH 7.2) overnight at 4 and mounted between 2 gold specimen disks in a specimen-mounting medium (polyvinyl alcohol; Sigma) (Pauli et al., 1977) . The disks were quickly frozen in Freon 22 cooled to its freezing point (Koike et al., 2005) and mounted in a double replica specimen table (BAL-TEC). Samples were freeze fractured at 120 , shadowed with 5 nm Pt/C, and replicated with 30 nm carbon in a BAL-TEC BAF060 freeze-fracturethe guidelines for animal experimentation of Juntendo University Graduate School of Medicine.
Specific-pathogen-free (SPF) 7-week-old male Wistar rats (weight 180-200 g) were purchased from Clea Japan (Tokyo) and acclimatized for 1 week before surgery. The animals were given standard laboratory chow and water ad libitum and housed in an environmentally controlled room (24 2 , 12-h light and dark cycles).
Induction of chronic acid reflux esophagitis in rats
Chronic acid RE was induced in rats using a modified version of the model described in previous reports (Omura et al., 1999; Asaoka et al., 2005; Oguro et al., 2011) . Briefly, animals (8 weeks old) were fasted for 24 h prior to surgery. Inhalation of anesthesia was performed with isoflurane. After laparotomy, duodenal stenosis was induced by wrapping the duodenum near the pylorus with a 2.5 mm-wide piece of 18-Fr Nelaton catheter (diameter, 4.0 mm; Terumo, Tokyo) as described previously . To prevent dislodgment, the catheter was immobilized by suturing it to the serosa of the gastric antrum with 4 -0 silk thread. The transitional region between the forestomach and the glandular portion (the limiting ridge) was ligated with 2 -0 silk thread. After the operation, the animals were fasted for 36 h. The control group consisted of sham-operated rats that underwent the same abdominal surgery, with the exception that the limiting ridge was not ligated and the catheter was not placed around the duodenum. On day 14 after the operation, rats in both groups were deeply anesthetized with ethanol and their esophagi were removed. The esophageal mucosa was then stripped off, pinned on flat cork, and immediately immersed in fixatives as described below.
Conventional transmission electron microscopy
Conventional transmission electron microscopy was performed as previously described (Koike et al., 2000) . The stripped esophageal mucosae pinned on flat cork were immediately immersed in 2% glutaraldehyde (GA) and 2% paraformaldehyde (PA) buffered with a 0.1 M phosphate buffer (PB) (pH 7.2) overnight at 4 . The specimens cut transversally into three 1-mmwide slices were postfixed with 1% osmium tetroxide buffered with 0.1 M PB (pH 7.2) for 2 h at 4 , blockstained with a 2% aqueous solution of uranyl acetate for 1 h at room temperature (RT), dehydrated in graded concentrations of ethanol, and embedded in Epon 812 (TAAB). Ultrathin sections were cut with a Leica UC6 or UC7 ultramicrotome (Leica Microsystems), stained
Tissue removal from replica membrane
For conventional freeze fracture, polycarbonate-stabilized samples were immersed in household bleach for several hours at RT for removal of the remaining tissues, washed 3 times in distilled water, and air-dried. For SDS-FRL, samples immersed in a detergent solution (2.5% SDS, 20% sucrose in 15 mM Tris-HCl, pH 8.3) were autoclaved for 15 min at 105 and further washed in the same solution with continuous shaking for 48 h at 70 . Replicas were washed for at least 1 additional hour after removal of all visible remnants of tissue and then rinsed 3 times in a washing buffer (0.05%BSA, 0.1% Tween-20, 0.05% azide in 50 mM Tris-buffered saline (TBS), pH 7.6).
SDS-digested freeze-fracture replica labeling (SDS-FRL)
SDS-FRL was performed according to Fujimoto (1995) with some modifications (Koike et al., 2005; Fukazawa et al., 2009) . Briefly, SDS-digested-Lexan-stabilized samples were immersed for 1 h in a blocking buffer (5% BSA, 0.1% Tween-20, 0.05% azide in TBS) and incubated overnight at 4 in rabbit anti cluadin-3 (1:30) diluted with the primary antibody solution (1% BSA, 0.1% Tween-20, 0.05% azide in TBS). Samples were rinsed (4 10 min each) in a washing buffer, immersed for 30 min in a blocking buffer, and incubated for 1 h at room temperature with goat anti-rabbit IgG conjugated with 10-nm colloidal gold particles diluted in a blocking buffer. Labeled replicas were rinsed in a washing buffer (4 10 min each), washed 3 times in distilled water, and air-dried. For control experiments, replicas were reacted only with the gold-particle-conjugated secondary antibody (Fig. 7F) .
Secondary carbon coat and removal of the Lexan film
After replicas were air-dried, the second carbon coating was applied to the tissue side of the replica using BAF060 to prevent displacement of the replica and the gold labels during subsequent removal of the polycarbonate. The polycarbonate was removed by immersing the grid in dichloroethane (6 changes for 1 -1.5 h each). Then all samples were air-dried and observed with a Hitachi H7100 or HT7700 electron microscope. replication device. Replicated samples were thawed on a copper block and dried with nitrogen (Fig. 5A) . A gold finder grid (EM Science) was bonded to the replicated tissue by using 2% polycarbonate (Kanto Chemical) dissolved in dichloroethane (Fig. 5B) . The polycarbonatestabilized samples were immersed in phosphate buffered saline (PBS) and removed from the gold specimen disk (Fig. 5C, D) . The samples were then stained with DAPI and mapped using an Olympus inverted fluorescent microscope (Fig. 6) . Steps in the grid-mapped freeze-fracture technique. The esophageal mucosa in the control group was complementarily fractured and replicated (arrowheads in A). Gold finder grids with droplets of 2% polycarbonate resin were applied onto the replicated tissue (an arrow in B). The solvent (1, 2-dichloroethane) was evaporated over several minutes and then the grids were bonded to the replicated tissues (arrowhead in B). The polycarbonate-stabilized samples with the grids were carefully peeled off from the gold specimen disks (C). The replicated tissues were observed under light microscopy (D). The same samples were overlayed with DAPI fluorescence (E). The squared area in E is shown in F. At highpower, the nucleated layer of the esophageal mucosa (arrowheads in F) can be detected. Bars: 1 mm (A-C), 0.5 mm (D, E), 0.2 mm (F) Immunoelectron microscopy with claudin-3 staining using ultra-thin cryosections (A, B) and SDS-digestedfreeze-fracture replica (C-F). The squared area in B is shown in the inset. In the control group, gold particles indicating claudin-3 are diffusely localized on the surface of the spinous cells (A). An arrow and arrowheads indicate desmosomes negative and positive for claudin-3, respectively (A). In the RE group (B), the number of the gold particles on the surface has markedly decreased while many gold particles can be observed within the cells. Some particles can also be observed on the membrane of the intracellular vacuoles (B Inset). SDS-digested freeze-fracture replica of the esophageal spinous layer in the control (C, F) and RE (D) groups and that of the colonic epithelia in the normal rat (E). Arrowheads indicate desmosomes (C, D). Gold particles indicating claudin-3 are randomly localized on the surface of the spinous cells in the control group (C), whereas there were only a few immunopositive signals for claudin-3 on the surface of the spinous cells in the RE group (arrows in D). Gold particles indicating claudin-3 are intensively and exclusively observed on the typical TJ structure as a network of continuous anastomosing intramembranous strands in the colonic epithelia of the control rats (E). After replicas has been reacted only with the gold-particle-conjugated secondary antibody, no signals can be observed (F). V: villi. Bars: 500 nm (A-F), 200 nm (Inset of B)
Results
Transmission electron microscopic observation of the esophageal epithelia in the control and RE groups
Histological analyses using toluidine blue-stained semi-thin sections revealed a marked thickness of the epithelium, elongation of the lamina propria papillae, and a marked infiltration of inflammatory cells in the lamina propria mucosae in the RE group (Fig. 1B) as compared with control rats (Fig. 1A) , which is consistent with previous reports (Asaoka et al., 1995; Oguro et al., 2011) . Because claudin-3 is mainly distributed in the lower part of the epithelium of the esophagus in control rats , we first performed detailed electron microscopic observations in the stratum basale (SB) and stratum spinosum (SS) of the esophageal epithelia in the control and RE groups using ultra-thin sections (Fig. 2,  3) . At low-power, cells in the SB of the RE group were irregularly arranged and appeared to be different in the cell hight ( Fig. 2A, C) . Some cells look slender profiles touching the basal lamina (an asterisk in Fig 2C) and the others were in a process of mitosis whose nuclei seemed to be located in the second layer (Fig. 2C) . Since the SB of the RE group took these cellular compositions, the SB appeared to be hypertrophic. Moreover, the intercellular space of the SB in the RE group was enlarged as compared with that of the control group (Fig. 2B, D) . Although desmosomes were observed in basal cells and spinous cells, TJs were not found in the RE or control group. In the SS, enlargement of the intercellular space in the RE group as compared with the controls was also evident (Fig. 3A, C) . In both groups, desmosomes (arrowheads in Fig. 3B, D) and gap junctions (arrows in Fig. 3B, D) were observed. However, TJs were not found in either the RE or control group.
Because previous conventional transmission electron microscopy studies revealed typical TJ structures (kissing points) in the SG of the dermis Furuse et al., 2002) , we conducted further examination of the SG of the esophageal epithelia in the control and RE groups using the same technique (Fig. 4) . We found that the intercellular space between the spinous cells (arrows in Fig. 4A ) could be more clearly observed than that between the granular cells (arrowheads in Fig. 4A ). Kissing points of TJs (arrows in Fig. 4C ) were observed close to the desmosome between the granular cells. However, no kissing points were observed between the spinous cells. We also found kissing points of TJs between the granular cells both in the control (arrows in Fig. 4D ) and RE (arrows in Fig. 4E, F) groups. There were more TJ kissing points present in the SG of control rats than in the RE group.
Grid-mapped freeze-fracture analysis of the esophageal epithelium
Freeze-fracture electron microscopy, one of the most reliable methods for observing the fine structural details of TJs, should show the TJ structure as a network of continuous anastomosing intramembranous strands. To assess whether typical TJs can be observed in the rat esophageal mucosa, we initially attempted to examine the samples using the conventional freeze-fracture technique. However, we noticed that the mucosa became swollen, resulting in the fragmentation of the replicas during digestion of the mucosa. To overcome the shortcomings of conventional freeze-fracturing, the grid-mapped freezefracture technique was used (Rash and Yasumura, 1999) , as described in Material and Methods (Fig. 5) .
Using this technique, not only were we able to obtain freeze-fracture membranes of the entire esophageal mucosae without fragmentations or foldings, we also could specify the location of the nucleated layers of the esophageal epithelium as identified by DAPI staining (Fig. 5E, F, 6A, B, E, F) . After mapping the grid-bonded tissue, the tissue remnants were digested with household bleach and observed by transmission electron microscopy. After light microscopic observation, the main regions of interest were searched using low-magnification electron microscopy (Fig. 6C, G) . At high magnification, typical desmosomes with clusters of densely packed intramembranous particles were seen. However, we could not identify typical strands of TJs in either the RE or control groups (Fig. 6D, H) .
Immunoelectron microscopic observation of the esophageal epithelia in the control and RE groups with claudin-3 staining
We further performed immunoelectron microscopy for claudin-3 using ultra-thin cryosections and SDS-digestedfreeze-fracture replicas. Immunoelectron microscopy using ultra-thin cryosections revealed that gold particles representing claudin-3 were diffusely localized on the surface of the spinous cells in the control group (Fig.  7A ). In the RE group (Fig. 7B) , the number of gold particles on the surface of the spinous cells was markedly decreased while many gold particles were observed within the cells. Furthermore, some particles were observed on the membrane of the intracellular vacuoles (Fig.  7B inset) . SDS-digested freeze-fracture replicas of the esophageal spinous layer in the control and RE groups were incubated with the anti-claudin-3 antibody. Gold particles were randomly localized on the surface of the spinous cells in the control group (Fig. 7C) while there were only a few particles on the surface of the spinous cells in the RE group (arrows in Fig. 7D) . As positive controls, we incubated SDS-digested freeze-fracture replicas of the colonic epithelia of control rats with gold particles indicative of claudin-3. In the positive controls, a high density of particles specifically on a typical TJ structure was observed as a network of continuous anastomosing intramembranous strands.
Discussion
This electron microscopy study is the first to describe the detailed morphology of the TJ structure in the esophagus of control and RE rats. The epithelium of the esophagus differs from the epithelia of other tissues in the gastrointestinal tract. Indeed, the esophagus is lined by a stratified squamous epithelium, while the tubular lumen from the esophagogastric junction and the anus is lined by columnar epithelium. The esophageal epithelium consists of a single cell layer of the SB, and several cell layers of the SS and stratum granulosum (SG), which are covered with the stratum corneum (SC). The cornification of the epithelial sheets in the esophagus is more incomplete than that in the epidermis. Information on the barrier mechanism in wet stratified epithelium, including the esophageal epithelium, is still fragmentary (Schroeder and Theilade, 1966; Akisaka and Oda, 1978; Andersen, 1980; Tsukita and Furuse, 2002) .
Using electron microscopy, we confirmed the widening of the intercellular spaces of the esophageal epithelia in the SB, SS, and SG in the RE group in comparison with the control group, as previously reported (Farré et al., 2007; Miwa et al., 2009; Ito et al., 2010; Zhang et al., 2010) . This result suggests that the esophageal epithelia in rat RE models were affected by acid reflux, which is consistent with previous reports.
TJs in the rat esophageal epithelium
TJ structures are characterized by regions of close membrane apposition between adjacent cells known as kissing points. Electron microscopic analysis of ultrathin sections did not detect TJ structures in either the SB or SS. However, we were able to identify typical TJ structures in the SG of the esophageal epithelia in rats, as previously reported in human and mouse epidermis Furuse et al., 2002; Langbein et al., 2002) . We noticed that the intercellular space in the SG was narrower than the intercellular space in the SS and SB of control rats. The existence of TJ structures might narrow the intercellular space in the SG. Moreover, kissing points of TJs were more common in the control group than in the RE group, suggesting that TJs in the SG might be injured in the RE group.
Typical TJs, in simple columnar epithelial cells for example, appear as multiple kissing-points. In contrast, in the SG of both the control and RE groups, only TJs with a single kissing point rather than multiple kissing points were observed. These findings indicated that TJs in rat esophagus are not well-developed. In human and bovine epidermis, novel but not yet well characterized TJ-related structures have been observed; these include ribbon-like close-contact junctions and sandwich junctions, which were located between interdesmosomal spaces (Langbein et al., 2002) . We observed typical gap junctions in the SS and SG, but we never observed such TJ-related structures.
To further characterize the TJs in the rat esophageal mucosa, freeze-fracture electron microscopy was p e r f o r m e d . U s i n g t h i s t e c h n i q u e , T J s t r u c t u r e s appeared as a network of continuous anastomosing intramembranous strands; thus, freeze-fracture electron microscopy proved itself to be one of the most suitable methods for observing the fine structure of TJs. To assess whether typical TJs can be observed in the rat esophageal mucosa, we initially attempted to examine samples using a conventional freeze-fracture technique. However, we noticed that the mucosa became swollen, resulting in fragmentation of the replicas during digestion of the mucosa. To overcome these shortcomings of the conventional freeze-fracture technique, grid-mapped freeze-fracturing was subsequently used (Rash and Yasumura, 1999) . By combining this technique with DAPI staining, we could identify the location of the esophageal mucosa on the grid. We were able to obtain good freeze fracture replicas of the rat esophageal mucosa in both the control and RE groups. In these freeze fracture replicas, no typical TJ strands were observed whereas desmosomes and gap junctions (data not shown) were seen. In earlier studies, several attempts to detect TJs in epidermis and esophagus failed to show typical TJ strands. Only poorly-developed TJ-like strands were f o u n d ; t h e s e T J s w e r e t h e r e f o r e c a l l e d m a c u l a e occludentes instead of zonulae occludentes (Elias and Friend, 1975; Caputo and Peluchetti, 1977; Elias et al., 1977; Orlando et al., 1992; Morita et al., 1998) . In contrast, it was reported that keratinocytes in primary cultures developed TJs in the same manner as in simple epithelia (Kitajima et al., 1983) . This is probably because cultured keratinocytes form either a single or a few layers of cells in a culture dish, as is seen in simple epithelia in vivo. It has thus been assumed that TJs might be downregulated in vivo keratinocytes of the epidermis (Morita et al., 2002) . Likewise, the failure to identify TJ strands in the esophagus by freeze-fracture electron microscopy might partly be due to the downregulation of TJ in the esophagus as well as in the epidermis. In the present study, despite the advantages of the grid-mapped freeze-fracture technique, we were unable to distinguish each layer of the esophagus. Further intensive observation of the SG by freeze replica electron microscopy will be necessary to confirm the presence of TJs.
Subcellular distribution and role of claudin-3 in the rat esophageal epithelium
Our previous immunohistochemical analyses revealed marked alterations in the expression pattern of claudin-3 in rats with RE. In control rats, claudins-1, -3, and -4 were located on the surface of esophageal epithelial cells. In rats with RE, the expression of claudin-1 or -4 was not changed significantly while that of claudin-3 was substantially decreased (Asaoka et al., 2005; Oguro et al., 2011) . We conducted immunoelectron microscopy studies of ultrathin cryosections and SDS-digested freeze-fracture replicas to confirm our previous immunohistochemical results showing that gold particles indicative of claudin-3 were located on the surface of control esophageal epithelial cells and that such an immunoreactivity was decreased in the RE group. However, it should be noted that claudin-3 was only diffusely localized on the plasma membrane of esophageal epithelial cells and not concentrated on the TJ structures. Our previous double immunofluorescent s t a i n i n g a n a l y s e s ( O g u r o e t a l . , 2 0 1 1 ) c l e a r l y demonstrated that, in the normal rat esophagus, claudin-3 was located mainly in the lower part of the epithelium such as in the SS and/or SB, where there was no evidence of TJ formation, as shown in the present study. Taken together, these lines of evidence suggest that claudin-3 might not be directly involved in the construction of the TJ structure. The significance and function of such TJfree claudins remain elusive. However, a recent study in CD4/8 double-positive thymocytes indicated that claudin-4 is recruited to immunological synapses and is involved in the positive selection of thymocytes in a TJindependent manner, constituting a novel function of claudin family proteins (Kawai et al., 2011) . It would be reasonable to assume that in the normal esophagus, claudin-3 is important for any TJ-independent adhesion activity between epithelial cells in the SS and SB, and that the down-regulation of claudin-3 in the RE model triggers the dilation of the intercellular space of these regions of epithelial cells.
Possible involvement of claudins-1 and -4 as key components of epithelial tight junctions in the rat esophagus
Another important observation in our previous double immunofluorescent staining analyses was that in the normal esophagus, claudins-1 and -4 were co-localized on the surface of epithelial cells in the lower part of the epithelium including the SG, which is consistent with previous findings. Furthermore, in cluadin-1-deficient mice, the epidermal barrier was severely affected . Therefore, although it is still unclear whether there are continuous TJs or only fragmented strands in the SG of the rat esophagus, it would be reasonable to assume that claudins-1 and -4 might be involved in the formation of TJ structures between esophageal epithelial cells in the SG. Indeed, re-examination of our previous triple staining of claudins-1, -4 and DAPI in the RE model revealed that the uppermost layer of nucleated cells lacked any immunoreactivity for claudins-1 and -4, which was consistent with the present electron microscopic results indicating that the number of TJs in the SG decreased in the RE model. Thus, to explore the TJ-dependent barrier function in the rat esophageal epithelium, it would be necessary to determine the relationship between the TJ structure and claudins-1 and -4. Furthermore, the distribution of the other tight junction-associated proteins, such as occludin and zonula occludens proteins (ZOs), would also be important.
